The rapid emergence of herbicide-resistant weeds has further added complexity to the management of weeds in Australian cotton farming systems. Fleabane (Conyza bonariensis L) has been identified by the cotton industry as being potentially resistant or at risk of developing resistance. Thirty-seven C. bonariensis populations were collected in the 2014-2015 cotton season from 9 cotton farming regions in Queensland and New South Wales. Glasshouse screening trials showed that 27 populations (73%) expressed resistance to glyphosate salt at rate of 0.68 kg a.i ha -1 applied at the rosette stage. Another 9 populations (24%) were categorised as developing resistance. A dose response study of 4 selected resistant populations using glyphosate rate of 0, 0.34, 0.68, 1.36, 2.72, and 5.44 Kg a.i ha -1 showed a high level of Resistance Index (RI) ranging from 3.5 to 7.0 and the dose-response model revealed that 3 to 4 times more glyphosate is required to control resistant C. bonariensis populations. These results further confirm the frequent reports of reduced efficacy of glyphosate against fleabane in northern cotton farming systems of Australia. To reduce the risk of resistance other non-glyphosate tactics are needed in the weed management toolbox.
Introduction
Cotton (Gossypium hirsutum) is an economically important crop in Australia, producing between two to five million bales each year with an export value of almost $3 billion in -2012 (Cotton Australia 2017 . Weeds are detrimental to cotton production and heavy infestations can lead to a significant yield reduction (Dogan et al. 2014; Morgan et al. 2001; Oerke, 2006) . Fleabane (Conyza bonariensis L.) is an annual or short-lived perennial weed species (Wu, 2007) . Conyza spp.
infestation at emergence stage of cotton can reduce lint yield by 46% (Steckel and Gwathmey, 2009 ). It is also commonly found in non-cropped areas and tolerates a wide range of climates and habitats (Michael, 1977; Wu, 2007) . In recent years, it has now become a major weed problem throughout most of cotton growing regions (Manalil et al. 2017) . The change in farming practices to zero till systems results in a greater retention of soil moisture in no-tilled fields, and reduced reliance on soil-applied residual herbicides, contributes to the success of C. bonariensis in Australian cropping system (Walker and Robinson, 2008; Wicks et al. 2000) .
Glyphosate-resistant cotton was introduced to Australian cotton farming systems in the 2000-2001 seasons. Since then, it has been widely adopted as a flexible weed control option and now encapsulates 99% of all cotton areas sown. The rapid adoption of this technology has coincided with a shift toward minimum and no till farming (Givens et al. 2009 ). The prevalence of this system has also resulted in a reduction in non-chemical weed control tactics such as tillage and hand chipping, with increased heavy reliance on glyphosate for weed control. Indeed, many growers are adopting a glyphosate only approach to weed control or limiting the use of other herbicides and non-herbicide tactics (Young, 2006) . A move away from the use of residual and pre-emergent herbicides is placing additional pressure on glyphosate to do all the heavy lifting for weed control.
Such over-reliance on glyphosate for weed control during the past decade has resulted in adverse repercussions including weed species shifts and the evolution of glyphosate-resistant weeds (Culpepper, 2006; Powles and Yu, 2010; Wilson et al. 2007) .
Herbicide resistance in weed populations has spread across the cropping systems in Australia and includes resistance to glyphosate in C. bonariensis populations (Walker and Robinson, 2008) .
Herbicide resistance is an evolutionary process where survival and reproduction of individuals with resistance alleles in a population are enriched in the presence and absence of the herbicides (Powles and Yu, 2010) . The resistance mechanisms of weed populations are greatly influenced by genetic (reproduction and mating system, population size, number of generations) and by environmental conditions (Jasieniuk et al. 1996; Maxwell and Mortimer, 1994; Vila-Aiub et al. 2005) . Whilst time consuming and expensive, identifying the underlying levels of resistance in weeds species across large areas is important in better understanding herbicide resistance and designing best management practices (Broster et al. 2011) . Information gained from surveys can aid in the planning of herbicide resistance research and extension for specific areas (Llewellyn and Powles, 2001) . Herbicide resistance surveys of any weed species are also useful for future prediction of resistance development and to understand survival in response to herbicides (Goh et al. 2015) . The status of glyphosate resistance and population dynamics of C. bonariensis is important for providing useful recommendations to growers. This study was conducted to evaluate the current level of glyphosate resistant in C. bonariensis, infested in northern cotton farming systems of Australia.
Materials and Methods

Seeds collection and sowing
In the 2014-15 cotton season a survey was conducted across 9 cotton farming regions in Queensland and NSW ( Figure 1 ) and seed samples of 37 populations were collected. Seeds of these populations were sown on the soil surface of plastic pots (25 cm in diameter) pre-filled with potting mix and lightly covered with field soil. The pots were initially hand-watered, covered with paper towel, and maintained in a glasshouse. The paper towel was removed once fleabane has emerged.
Fleabane seedlings from each pot were transplanted to trays filled with similar type of potting mix (6 alternating spots on the tray) at two to four-leaf stage on 8 th November 2016. Each population had 18 experimental units in three replications. 
Preliminary screening and measurements
Fleabane populations were sprayed at rosette stage (8-10 cm diameter, 8-10 expanded leaves) with 0.68 kg a. i ha −1 of glyphosate (using glyphosate-540) (Walker et al. 2011) . The herbicide were applied on 24 th November 2016 using an automated laboratory sized cabinet sprayer with a moving boom applying a water volume of 77 L ha -1 equivalent from a flat fan nozzle at 300 kPa pressure.
Irrigation ceased on 24 th (before spray) and recommenced on 25 th November 2016. Three trays were arranged in a completely randomized design with three replications. Weed control ratings were assessed visually at 28 days after treatment (DAT) using a scale ranging from 0% (no control or injury) to 100% (complete control or plant death). Total number of surviving plants for each population was counted and converted to a percentage value at 28 DAT. After visual assessments, any surviving plants were kept for seed collection. Populations with plant survival >20% after spraying with 0.68 kg a. i ha −1 of glyphosate were considered ''resistant .", those with between 10% and 20% survival ''intermediate or developing resistance" and those with plant death and necrosis >90% or plant survival less than 10% were considered as "susceptible' (Broster et al. 2011) .
Dose-response assay in selected populations
Based on initial screening, 5 populations of C. bonariensis were selected. A total of six different herbicide rates (0, 0.34, 0.68, 1.36, 2.72 and 5.44 kg a. i ha -1 of glyphosate) were sprayed on these biotypes separately. The populations were sprayed in the automated spray cabinet as described above. The biomass of surviving plants of each population under different herbicide rates were assessed at 28 days after application.
Model fitting and statistical approaches
Data were analysed using R software (R Core Team 2017) operating in RStudio. Extensive use was made of R package drc (Ritz et al. 2015) . The five numbers summary was produced by vertical 
Results and Discussion
Preliminary screening and measurements
Among the 37 C. bonariensis populations tested with glyphosate at 0.68 kg a.i ha −1 , a total of 27 tested populations were resistant and 9 populations were categorised as developing resistance ( Figure 2 ). Only one population, the 1F3 from Emerald Central Queensland, was quantified as susceptible ( Table 1) 
Dose-response assay in selected populations
The response of each C. bonariensis biotype to an increasing dose of glyphosate was fitted to a log-logistic non-linear model (Figure 3 ), which confirmed significant (P= 0.05) differences in biomass reduction in response to glyphosate especially, at 0.34 kg a. i ha -1 , and 0.68 kg a. i ha -1 . At the test rate of glyphosate (0.68 kg a. i ha -1 ), less than 50% of plant biomass was controlled in 4 resistant populations. The untreated plants of population 1F13A developed more biomass, evident by the d value estimated for the growth parameters (Table 2) . This population kept more biomass production than other resistant populations until it received a glyphosate rate of 1.6 kg a. i ha -1 . Here, all populations showed similar patterns in the herbicide dose-response curve. This indicates that herbicide dose is important in weed suppression, with higher doses inducing greater inhibition for resistant weed populations. A high dose well beyond the threshold concentration was required to produce an effect. The trend line for resistant populations also indicating that glyphosate lost its inhibition potency for these populations. Plants of these populations may have enough time to recover from the toxicity of glyphosate salt. However, other internal and external factors including type of exposure, exposed species, or plant growth stage may be involved for recovery such that a herbicide is not always and consistently responsible for resistance under all circumstances. Here RI values of resistant populations were varied; therefore we can assume that different internal mechanisms were expressed by different resistant populations. Total 73% R and 24% D-R Significant differences between populations within a location can also be found in C. bonariensis resistant biotypes. Dinelli et al. (2008) reported that RI differs between biotypes of the same genus of weeds, even within the same populations. The role of such resistant mutations needs to be clarified for geographic distribution of resistant populations of C. bonariensis. Whilst our current research is not focused on this question, we confirmed that a high proportion of the C. bonariensis population is currently resistant to glyphosate and that the relative ranking of these resistant biotypes may differ. Table 2 ). The biologically effective dose can be utilised to ensure profit maximisation and to reduce the amount of herbicide applied into the environment (Knezevic et al. 1998 ). Here, despite exposure to a high dose of herbicide, plants of 1F13A population still survived, suggesting that individuals within this population had already evolved resistance. The same mode of action is likely to result in reduced control of C. bonariensis plants in the field and high dose rates may not be cost-effective for growers. Typically, high rates will select faster because the selection pressure is stronger. Conversely, low rates can select for weak resistance mechanisms and can result in resistant populations with more complex mixtures of resistance mechanisms (Preston et al. 2018) . Herbicides are used to provide effective weed control and dose could be selected to either control the weed, or reduce its growth depending on weed species, and growth stage of C.
bonariensis.
Conclusion
In conclusion, our survey revealed that a high proportion of C. bonariensis populations have resistance to glyphosate in key cotton growing regions of Australia. The use of herbicide with the same modes of action, without survivor control, may accelerate resistance build up and increase the difficulty of resistance management. There are benefits to be derived from growers controlling glyphosate survivors in their paddock and diversifying weed management practices to avoid selecting more resistant C. bonariensis populations. Tactics may include using pre-and postemergence herbicides with different modes of action, greater use of soil-applied residual herbicides, reducing weed banks by other cultural practices and strategic tillage. Furthermore, there is considerable opportunity to improve control through research to determine the physiological and ecological mechanism of glyphosate resistance in C. bonariensis, as well as the pattern of inheritance.
